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INTRODUCTION
Teleoperation of robotic manipulators in outer space has been the subject of research for many decades. For a summary of early work, see Sheridan [1] . More recently, experimental telerobotic systems have been demonstrated in space [2] . However, there remain many unmet challenges in safe and effective manipulation of teleoperated robots under the large time delays inherent in transmission of data between earth and the robot [2] . This paper addresses human-in-the-loop control of a robotic system with communication delays on the order of seconds, motivated by the application of manipulation and repair of satellites in geosynchronous orbit [1] .
Effective haptic-feedback teleoperation of these systems requires that: (1) the feedback and control account for the time delay to prevent the need for operators to use a move-and-wait strategy; (2) the visual and haptic feedback necessary to perform dexterous manipulation is provided to the operator; and (3) the remote robot interacts with its environment safely and stably [5] . Previous work has examined the use of predictive displays for visual feedback in remote robot control [2] . Here we focus on a prediction of the environment for the purpose of rendering haptic feedback.
We present a telerobotic control framework based on model-mediated teleoperation. The model-mediated approach we use extends the work of Mitra and Niemeyer [3] and Willaert et al. [4] , who demonstrated stable haptic feedback under large time delays. Our approach improves interaction with moving objects through the use of a predictive model and a method of executing the operator commands in the remote environment. We also provide the operator with feedback of the dynamic state of the slave manipulator. A single-degree-offreedom (DOF) system is used for discussion and simulations; however, the presented concepts can apply to higher-DOF systems. Simulation results demonstrate the benefits of the predictive model and command execution for interaction with moving objects in the environment.
BACKGROUND
Control of teleoperation with time delay has been the subject of much past research. An extensive comparison of some existing methods can be found in Arcara and Melchiorri [5] . These previous techniques, mostly based on passivity and scattering theory, are designed to enable direct bilateral teleoperation for relatively small delays of up to a few hundred milliseconds [5] . The application of such controllers results in poor performance or instability in the presence of larger delays.
Model-mediated teleoperation has been demonstrated to enable stable haptic interaction for delays on the order of seconds [3] [4] . In this method, the master robot interacts with a model of the slave robot and environment, in contrast with direct teleoperation, where the master directly commands the real slave robot. The environment model and parameters may be updated using sensor data from the slave robot. Modelmediated teleoperation has primarily taken two forms in the literature: one form focuses on updating geometric properties [3, 4] and the other focuses on updating dynamic model properties [6] . Our approach uses geometric model-mediated teleoperation, extending [3, 4] .
MODEL-MEDIATED TELEOPERATION FRAMEWORK
Model-mediated teleoperation is comprised of local teleoperation between a master and virtual slave acting within a virtual environment, and control of a remote robot based on operator commands and remote sensory feedback, as shown in Figure 1 . The communication between the local operator/virtual environment and the remote slave robot is subject to time delays on the order of seconds. The bilateral teleoperation takes place solely between the operator and the local environment with minimal time delay.
Two key components of model-mediated teleoperation are the estimation and update of the local environment model and the remote implementation of operator commands by the slave robot. The local model must update based on sensor data from the remote slave robot because the remote environment will change. Additionally, the slave should not necessarily directly track the delayed master position. Instead, the operator's commands, along with the current state of both the local environment model and true remote environment are used to determine the command to the slave. The following subsections will discuss each component individually. For clarity, a single-DOF system is presented.
Bilateral Control of the Virtual Slave
The bilateral control between the master and the virtual slave is a position-exchange controller. The virtual slave tracks the master device using, for example, proportional-derivative (PD) control,
where is the force on the virtual slave, and are the PD gains for the local controller, and , , , and are the positions and velocities of the master device and virtual slave. The force feedback to the master is the negative of the force applied to the virtual slave, = − .
Virtual Slave Model
A model of the slave robot is used to feed back the dynamics of the slave to the operator. This is a departure from [3] , which used a haptic proxy that did not reflect the dynamic properties of the remote slave. The virtual slave model provides a visual predictive display similar to those used previously for time-delayed teleoperation and also provides kinesthetic feedback of the slave dynamics. Thus, a slave robot with a slow maximum velocity will apply a force to slow the operator motion. This is particularly important when the slave robot has relatively low bandwidth or a velocity limit. The slave model used here is a mass-damper model,
where and are the mass and damping coefficients and is the force of the virtual environment on the slave.
Environment Model
The rigid wall in the virtual environment is a Kelvin-Voigt model with discontinuous contact [6] ,
where and are the stiffness and unilateral damping of the virtual wall, is the location of the virtual wall, and Δ is the penetration of the virtual slave into the virtual wall. Since the objects in the environment are rigid, the stiffness and damping are given high values that maintain stability during contact. Unlike in [6] , it is not assumed that the virtual objects represented by these walls have static geometries. Therefore, the geometry of the object must be estimated and updated in the model as surfaces are discovered and tracked by remote sensing.
Environment Model Update
We focus here on updating the geometric properties of the environment model. It is assumed that an a priori model of the environment is available, but there is no a priori knowledge of the location of objects in the environment. It is assumed that acquired data includes visual detection of object locations that can be used along with the prior knowledge of the environment to form an estimate of the environment's geometric properties, which will be continually updated as the objects in the environment change location and orientation. Because of communication delays in both the forward and feedback channels, the estimate of the environment should include a predictive component to enable the operator to interact with a changing environment. Here, the simplest prediction model is used to demonstrate the benefit of prediction in model-mediated teleoperation. Given a measured object location, an estimate of the object velocity is used to extrapolate forward in time by the total delay to estimate the position of the object at the time the operator's command will reach the remote robot,
where is the true environment wall position, is the round trip time delay, and fdbk is the predicted wall location. In addition to providing continuous updates of the environment model, it is also important that the local model be able to handle discontinuous changes in the environment feedback.
The mediation of discontinuous changes in feedback information of the remote environment is central to the concept of model-mediated teleoperation as proposed in [3] and further described in [4] . Our approach builds on their work. Under normal circumstances, when the state of the environment is known and the virtual slave is either in free space or in contact with the virtual environment, then the virtual wall displayed will be equal to the predicted feedback from (4),
However, an object could be detected after being penetrated by the virtual slave. Instead of immediately updating the model using fdbk as given in (5), which could disturb the operator and lead to instability, the virtual wall is placed at the immediate location of the virtual slave as if initial contact is being made, = .
(6) The virtual wall is then gradually moved towards the location of the predicted estimate of the wall, fdbk , until it either reaches fdbk or the operator moves the virtual slave outside of the object model. In this implementation, the virtual wall motion is a predefined constant velocity in the direction of the predicted wall estimate, as shown in Figure 2 (a). Figure 2 shows several example cases that could occur when the remote slave detects a static object at fdbk = 0 and feeds the information back with a delay of 1.5 seconds. In (a), the virtual slave has already penetrated the object, so the virtual wall is placed at the location of the virtual slave and gradually converges to fdbk . In (b), when the operator removes the slave from the true wall, the virtual wall is then updated by (5). In (c), the user is outside of the object when it is discovered, so the virtual wall is immediately updated by (5).
Another scenario can occur when a wall that was previously detected is no longer detected. In the same way as discussed above, the virtual wall is gradually moved to the newly discovered wall location if the virtual slave is in contact with the virtual wall. If the virtual slave breaks contact with the virtual wall, then the wall position can be updated by (5) .
Remote Slave Command Execution and Control
As master commands are sent, the slave must execute the delayed commands while ensuring safe operation and accounting for mismatches between the remote and virtual environments. In a most general sense, this can be thought of as a supervisory controller. The remote slave robot receives information from the master and interprets and caries out the master's command. To this end, in addition to the master position commands, environment model information is also sent over the delayed communication link to the remote slave. This enables the slave robot to act based on its own state, the master state, the virtual environment, and the true remote environment. Because the control is done entirely on the remote side, there is no time delay present in the control of the slave.
A simple approach to slave control is tracking the master commands while preventing the slave from damaging objects in the environment. The slave tracks the master's position using PD control,
where is the force applied to the slave, and are the PD gains, and and are the position and velocity of the slave. A saturation limit is placed on in case the slave is in contact with a wall and the master is not in contact with the virtual wall. The saturation could either limit the amount of force the slave places on the wall or even prevent the slave from touching the wall. This ensures that the slave does not apply large forces when there is a significant error between the remote and virtual environments.
We developed a rudimentary supervisory controller that enables the slave to track the master relative to the environment. This relative tracking can be combined with the saturated PD control in (7) such that the slave tracks the master when the operator is not interacting with the virtual environment, but switches to relative tracking when the operator begins to interact with the environment. In our current implementation, the master is determined to be interacting with the virtual environment if the position of the master is within a threshold distance of the virtual wall. Even if the virtual FIGURE 2. THREE CASES FOR WALL DISCOVERY. environment has error, the slave will still match the master's interaction with the environment. Relative tracking can be accomplished with PD control based on the relative positions and velocities of the slave and master to the environment and virtual environment,
where is the velocity of the virtual wall, and and are the position and velocity of the wall.
Consider the situation in Figure 3 (a) with forward and feedback delays of 1.5 seconds. Here, the position of the master and the virtual wall, as well as the force on the master, are shown as they would be received at the remote environment after 1.5 seconds of delay. Before the true wall position (measured by sensors at the remote site) can be fed back and updated in the virtual environment, the master command to the slave is well past the wall, potentially causing the slave to produce large forces against the wall. However, the saturation limit on the slave force restricts the force to 2 N because the master is not interacting with the virtual wall. At 3 seconds, when the wall location is received on the master side, it is implemented as described above in (6) , and the slave command is determined by (8). The slave begins tracking the master relative to the virtual wall. When the master pushes against the virtual wall at = 4.5 seconds, the slave tracks the master's force.
DEMONSTRATION WITH SIMULATED REMOTE ENVIRONMENT
The effectiveness of the model-mediated control strategy with a predictive model and relative tracking for moving objects was demonstrated with a Phantom Omni haptic device as the master and a simulated remote environment. The forward and feedback time delays were 2 seconds. The assumption for the simulation was that the slave and environment models were known. The virtual wall moved in a sinusoidal path that increased in frequency from one trial to the next. The operator's goals were to (1) contact the wall with the slave robot when the wall was at 6 mm, (2) maintain a 1 N force on the wall until the wall returned to the same location, and then (3) break contact with the wall. The task was completed with and without the predictive model and also with and without the relative tracking control. Three operators performed the task for each sine wave frequency, beginning with the slowest frequency. The operators used every combination of predictive model and relative tracking in a random order for each sine wave frequency, for a total of 16 trials. The metrics used to evaluate performance were the error in the location of making and breaking contact relative to the 6 mm target and the mean error between the force feedback to the master and the force on the slave while the master was in contact with the virtual wall. Figure 3(b) shows an example trajectory without the predictive model or relative tracking. As in the previous plots, all the data shown is at the time it would be received or occur at the remote location. The operator attempts to compensate for the time delay by contacting the virtual wall prior to 6 mm and likewise breaking contact early, but the operator must guess how early to make these actions without the predictive feedback. While in contact with the wall, the force feedback does not track well because the slave is trying to track the master, which is in contact with a virtual wall that is a poor estimate of the true wall location. In contrast, Figure 3(c) shows that the predictive model and relative tracking enable the operator to contact the wall at approximately the correct location and maintain the correct force over the entire trajectory even when the prediction has errors.
The results for every sine wave frequency are summarized in Figure 4 . Four cases are shown with combinations of with or without predictive feedback (wP or noP) and with or without relative tracking slave control (wRT or noRT). In general, the addition of only the predictive model significantly reduces the contact error and also slightly reduces the force tracking error. The addition of only relative tracking eliminates the force tracking error and also reduces the contact error. Relative tracking improved the force tracking because the slave directly tracked the forces of the master on the virtual wall. Predictive feedback improved the force tracking by reducing error between the location of the virtual wall and the true wall.
As the frequency of the virtual wall's sinusoidal path increases, the performance with the predictive model to declines as the prediction becomes worse. However, even at high frequency, its performance still improved over that of direct delayed feedback because the operator's ability to predict the contact instant also declines as the frequency increases. Relative tracking also improved the contact error, particularly for higher frequencies (Figure 4(b) ). The greater curvature of the sinusoidal path at higher frequencies meant that, without relative tracking, operators would contact the virtual wall with the master but the slave would not contact the true wall until the true and virtual wall positions converged near the peak of the arc. That results in the slave contacting the wall much later than the master contacted the virtual wall. With the relative tracking, the slave would contact the remote wall when the contact between the master and the virtual wall is received on the remote side. The improvement in wall contact error at 0.15 rad/s for the noPwRT case is due to operators correctly predicting the wall location. This could be a result of learning, as the operators began with the lower frequency trials, or it could be serendipitous, as few trials were done with each condition and operators had to guess when to make contact.
CONCLUSIONS AND FUTURE WORK
This paper presented a model-mediated teleoperation approach that improves interaction with moving objects and demonstrates stable haptic feedback with time delays on the order of seconds. In addition, a dynamic slave model has been used within the framework of model-mediated teleoperation to provide the operator with feedback of the remote slave and environment states. While the presented demonstration is by no means a definitive user study, it does provide evidence of the benefit of predictive modeling and relative tracking in modelmediated teleoperation. Even a simple algorithm for prediction demonstrates that it is able to provide operators with useful feedback to enable them to accurately interact with moving objects with improved haptic fidelity. The relative tracking method greatly improves haptic fidelity and position tracking relative to objects in the case of model mismatch.
A number of improvements could be made to both the predictive model estimation and rendering and the execution of operator commands by the remote robot. Adaptation of the slave and environment dynamic models would improve robustness to dynamic modeling errors. Displaying the delayed feedback in addition to the predictive model could improve robustness to modeling errors by enabling the operator to detect errors in the prediction. Adding some components of supervisory control could improve the command execution by providing the remote robot with more information about the operator's intent. Although addressed in a qualitative manner by Willaert et al. [4] , a formal analysis of the stability of the model mediated approach still needs to be made and is complicated here by the addition of supervisory control aspects.
